Introduction
The intra-seasonal oscillation (ISO) is regarded as a dominant mode of variability of the East Asia (EA)-western North Pacific (WNP) summer monsoon. Unlike the eastward propagating Madden-Julian Oscillation (Madden and Julian 1972) in winter, the boreal summer ISO (BSISO), with a periodicity of 10-90 days, is characterized by a pronounced northward or northwestward propagation over the EA-WNP region (Lau and Chan 1986; Wu and Li 1990; Hsu and Weng 2001) . The northward propagation of the ISO manifests in the active and break spells of EA-WNP summer monsoon and influences precipitation associated with the northward advance of Meiyu (central China)-Baiu (Japan) front, which is related to the onset of the summer rainy season. The ISO over the WNP region can modulate the subtropical high and typhoon activities. It, therefore, has a significant socio-economic impact on many East Asian Countries (Chen and Murakami 1988; Wang and Xie 1997; Shukla 2014) . Due to its quasi-periodic occurrence, the BSISO provides optimism for extended range prediction of the EA-WNP summer monsoon on sub-seasonal time scales Wu 1993) .
Realistic simulation and prediction of the complexity of the ISO over the Asian summer monsoon region remain a serious challenge for current general circulation models (GCMs) (Yang et al. 2009; Sabeerali et al. 2013; Zhao et al. 2014) . Most of the models simulate too strong local persistence of equatorial rainfall and too weak northward-propagating ISO rainfall signal Hu et al. 2013 ).
Abstract
The intra-seasonal oscillation (ISO) is a prominent feature of the East Asia summer monsoon. The Beijing Climate Center model is one of the IPCC models participating in the Coupled Model Inter-comparison Project (CMIP) 3 and CMIP5 experiments. This paper presents a systematic evaluation of ISO simulated by the Beijing Climate Center atmospheric general circulation model version 2.2 against observations. The model reasonably simulates some salient features of BSISO in terms of temporal spectrum, leading EOF modes, and vertical structure, however limitations are also evident. The strength of the BSISO is overestimated and the northward propagating rain belt is tilted southwest-northeast, which is also different from the observation. The model tends to produce unrealistically strong but shallow convection associated with the ISO, leading to a northward shift of the Western Pacific Subtropical High and the main rain band compared to observations. Process studies show that the anomalous convective heating associated with the wet model bias drives a Gill-type response, resulting in the northwesterly biased position of Western Pacific Subtropical High. The study has revealed how the interaction of moist processes and large-scale dynamics can lead to model bias in simulating the east Asian regional climate system and its variability (ISO in particular). Future improvements in model resolution and convection parameterization are expected to reduce such errors. Waliser et al. (2003) found that most of the atmospheric GCMs (AGCMs) show some form of meridional propagation of BSISO over the equatorial Indian Ocean region, but the model ISO patterns are typically less coherent and have smaller zonal and meridional spatial scales than the observed patterns. Lin et al. (2008) evaluated BSISO over the Asian monsoon region in 14 GCMs and found that most of them overestimate the near-equatorial precipitation and underestimate the variability of the northward propagating BSISO. Sperber and Annamalai (2008) have shown that only a few of the CMIP3 (Coupled Model Intercomparison Project phase 3) models manage to produce statistically significant anomalies that comprise the northwest to southeast tilted convection associated with the BSISO. They emphasize the importance of correctly simulating the seasonal mean state of precipitation and SST on the BSISO simulation. Sabeerali et al. (2013) have recently analyzed the historical runs of 32 CMIP5 models. They have found that, compared to CMIP3 models, more CMIP5 models are able to produce the northward propagation of BSISO. However, most models still cannot properly simulate the spatial pattern of BSISO variance over the Asian monsoon region and fail to simulate the phase-relationship between the ISO-related precipitation and winds, which is observed with easterly (westerly) anomalies leading (lagging) the enhanced convection anomaly.
Although the exact reason is not clear, it is generally believed that inadequate representation and description of moisture processes and the associated scale interactions are likely the major culprit (Fu et al. 2006; Sooraj and Seo 2013; Demott et al. 2014) . Some recent studies have suggested that interactions between different cloud regimes, circulation, and diabatic heating in the boundary layer may play a critical role for the evolution of the BSISO (Chattopadhyay et al. 2009; Jiang et al. 2011; Abhik et al. 2013) . The role of deficiencies in relation to background states in influencing the northward propagating BSISOs has also been suggested by many studies (Jiang and Li 2005; Ajayamohan and Goswami 2007; Seo et al. 2007; Sabeerali et al. 2013) .
In the present paper, we present an evaluation of the ISO of the EA-WNP summer monsoon in the Beijing Climate Center atmospheric general circulation model version 2.2 (BCC_AGCM2.2), which is the atmospheric component of the Short-range Operational Climate Prediction System of China National Climate Center. A new mass-flux cumulus parameterization scheme, which includes more sophisticated cloud processes and vertically variable entrainment, was introduced and the model shows improved simulation of deep convection and the associated vertical heating profile (Wu 2012) . Given the important role of the model convective parameterization in the realism of ISO simulations (Seo et al. 2007; Benedict et al. 2013) (Wu et al. 2008) . Other major modification to the model physics includes a new convective parameterization scheme, a dry adiabatic adjustment scheme in which potential temperature is conserved, a modified scheme to calculate the sensible heat and moisture fluxes over the open ocean that takes into account the effect of ocean waves on the latent and sensible heat fluxes, and an empirical equation to compute the snow cover fraction (Wu and Wu 2004) . The model provides overall improvements to climate simulations in comparison to CAM3, especially for simulating the tropical maxima/subtropical minima of precipitation, wind stress, and sensible and latent heat fluxes at the ocean surface Kan et al. 2015) . A detailed description of BCC_AGCM can be found in Wu et al. (2010) and Wu (2012) .
The simulations analyzed in this study is a five-member ensemble using BCC_AGCM2.2 forced with observed sea surface temperature (SST) and sea ice concentrations for the period 1996-2011, taken from the global Hadley Center Sea Ice and Sea Surface Temperature (HadISST) dataset (Rayner et al. 2003 ). Greenhouse gas concentrations are held constant at the 1990 level. Aerosol forcings are included using a monthly mean climatology of sulfate, sea salt, carbonaceous, and soil-dust aerosols (Collins et al. 2006) . Each ensemble member with different initial conditions is run for 15 years but only the last 10 years are used for the ensemble mean analyzed below.
Observations and methodology
The fundamental characteristics of the ISO are convective anomalies associated with heavy rainfall and/or outgoing long wave radiation (OLR). Therefore, daily rainfall estimates for 2002-2011 from the Tropical Rainfall Measuring Mission (TRMM, Huffman et al. 2007 ) 3B42 rainfall dataset with 0.25° × 0.25° spatial resolutions and daily OLR data from the National Oceanic and Atmospheric Administration (NOAA, Liebmann and Smith 1996) are used for model evaluation of the simulated ISO. Reanalysis data from the interim European Centre for Medium-Range Weather Forecasts Re-Analysis (ERAInterim, Berrisford et al. 2009; Dee et al. 2011 ) is also used to aid the analysis of dynamic fields.
Vorticity is calculated using u and v wind components from ERAInterim. To focus on the intra-seasonal variability, the daily anomalies for both the observations and simulations are calculated by removing the annual cycle, composed of the time mean and the first three harmonics. Then, Lanczos band pass filters (Duchon 1979 ) with 200 weights and retaining periods of 20-70 days are applied to the anomaly data sets covering all the seasons. Finally, daily data corresponding to the boreal summer season (May-September) are extracted for analysis. Standard metrics, including estimation of variance, power spectra, lag correlation, and combined Empirical Orthogonal Function (CEOF) analysis, are applied to the filtered series. Apart from these metrics, by incorporating the methods outlined in Lin (2012) , ISO-related variability is analyzed using composites of ISO events selected based on the two leading CEOF modes of the intra-seasonal OLR anomalies between 0° and 42°N.
Furthermore, the daily diabatic heating (apparent heating, Q 1 ) is calculated as the residual of a large-scale heat budget (Yanai et al. 1973): where C p is the specific heat of air at constant pressure (*1004 J kg
), R is the gas constant for dry air (*287 J kg
), p 0 is the reference pressure (*10 5 Pa) and θ is the potential temperature of the air parcel.
Results

Mean states
In this section, we will first describe some aspects of the seasonal mean climatology that may impact on intra-seasonal variability during boreal summer. Figure 1 shows the observed and simulated May-September mean rainfall, 850-hPa wind field, and vertical shear in zonal wind over the EA-WNP region. In observations, a cyclonic low-level circulation associated with the monsoon trough prevails over the South China Sea, and an extended anticyclonic circulation, which is part of the WNP Subtropical High (WNPSH), dominates the WNP region. These flow-patterns are accompanied by an elongated rain belt extending from the eastern South China Sea to southern Japan, with a heavy precipitation centered over the Philippine Sea (Fig. 1a) . Figure 1b shows the BCC_AGCM2.2 simulations. The spatial pattern correlation coefficient of precipitation between the observation and the simulation is 0.83, while the rootmean-square error is 2.89 mm day −1
. However, the model slightly underestimates the mean rainfall over the EA summer monsoon region (EASM) and overestimates the rainfall over the most of WNP. Similar model biases can also be seen from 850 hPa winds. For example, the position of a ) and vertical wind shear U200-U850 (contour with interval of 5 ms
) from a observations (TRMM, ERAInterim) and b BCC_AGCM2.2 model simulations WNP anticyclonic circulation in the model is shifted to the east compared to ERAInterim, consistent with the dry bias in the EASM region. Westerly winds along the 10-20°N band are much stronger in the model than in ERAInterim, driving the wet bias in WNP region.
Vertical shear in zonal winds between 200 and 850 hPa is known to be a key factor for the summer ISO activity over the EA-WNP region (Wang and Xie 1997; Sperber and Annamalai 2008) . It acts to regulate ISO activity through the modulation of Rossby wave emissions from ISO associated diabatic heating over the equatorial Pacific Ocean (Zhang and Geller 1994; Chou and Hsueh 2010; Mao et al. 2010) . The model captures the observed overall pattern with easterly shear over the equatorial Pacific south of 20°N, but the shear is slightly stronger than observations.
In order to examine whether the model correctly simulates the onset and withdrawal of the EA-WNP summer monsoon, the annual cycle of the precipitation averaged over 105-122°E is shown in Fig. 2 . It is found that the BCC_AGCM2.2 can reasonably simulate the phase of the annual cycle with stepwise northward propagation of the monsoon rain band from 15° to 40°N (Fig. 2b) . However, the modeled onset of the South China Sea monsoon rainfall begins at early May, earlier about 1 month than the observation. The strength of the rain belt from May to September is underestimated over both the South China Sea and eastern China region, which is consistent with bias in the seasonal mean rainfall as shown in Fig. 1b. Figure 3 shows comparisons of 10 year averages of modeled power spectra in OLR (Fig. 3b, d ) with observations ( Fig. 3a, c) for the WNP (110-155°E, 0-20°N) and the EASM region (100-140°E, 20-40°N). Spectral analysis is applied to the daily time series of OLR during May to October each year and then averaged over the 10 year period of 2002-2011. In observation, it is found that two frequency bands equivalent to the 20-70-and 10-20-day periods dominate the BSISO over the EA-WNP region. This is consistent with many previous studies (e.g., Hsu and Weng 2001; Lin 2012) , which concluded that the shorter variations of 10-20 days propagate mainly westward between 5° and 15°N, and when doing a zonal average, only the northward propagating variations of 20-70 days remain. The simulation shows the spectral power to be statistically significant near the period of 30 days and between 10 and 20 days, similar to that from observation ( Fig. 3b, d) . However, the observed 45 and 20 day peaks over the WNP region are absent in the model (Fig. 3b) . The simulated 20 day peak over the EASM is not in agreement with the observation (Fig. 3d) . Note also that the variance of simulated power spectrum peaks is underestimated (overestimated) over WNP (EASM) region (Fig. 3b, d) . Overall, the model captures the dominant frequencies of BSISO on intra-seasonal time scales over the EA-WNP region. Figure 4 compares the geographic distributions of observed and modeled ISO intensity over the EA-WNP region using the standard deviation of the 20-70 day band-pass filtered rainfall anomalies during May-September. The patterns look largely similar, but the model simulation has clearly exaggerated the amplitudes. In observations, the ISO component of precipitation perturbation shows a similar structure to its mean state (Fig. 1a) , with maxima located over the north of the South China Sea, the Philippine Sea, and East China Sea (see Fig. 4a ). The model underestimates ISO intensity over the EASM region, while it is overestimates over part of the WNP region, especially to the east of 140°E (Fig. 4b) . The similarity between Figs. 1b and 4b suggests that biases in simulated BSISO intensity are related to the ) between TRMM observations (a) and BCC_AGCM2.2 model simulations (b) erroneous simulation of the seasonal mean precipitation, as reported by previous studies (Sperber and Annamalai 2008; Sabeerali et al. 2013 ).
Power spectrum and variance
Combined EOF analysis
EOF analysis has been widely used to separate the phase structures of the tropical intra-seasonal variability from the filtered time series (Shukla 2014) . A recent study by Lin (2012) applied the combined EOF analysis to fields of daily anomalies of intra-seasonal OLR and 850 hPa zonal winds (U850) averaged over 90-150°E. It was found that the first two EOF modes combined with their principal components can reasonably well represent the northward propagation of the BSISO over the EA-WNP region. Figure 5 shows the latitudinal distribution of the two leading EOFs of the intra-seasonal OLR and U850 averaged over 100-150°E from observations (top) and model simulations (bottom). In observations, the first two leading modes jointly explain more than 60 % of the total variance. EOF1 is characterized by enhanced convection centered near 15°N with easterly anomalies to the north and westerly anomalies to the south, whereas for EOF2, both convection and wind patterns are in close quadrature with EOF1. Taken as a pair, these structures are consistent with those obtained by the previous study of Lin (2012) . The corresponding principal components (PCs) are also in quadrature with PC1 leading PC2 by 9 days (lagged correlation of 0.67; figure not shown). The first two EOFs from model simulations (shown in Fig. 5c, d ) jointly account for 40 % of the total variance with similar meridional structures and phase relationships to observations (Fig. 5a, b) . The phase shift between PC1 and PC2 in the model is 11 days compared to 9 days in observations. Figure 6 shows the composited life cycle of the 20-70 day filtered precipitation anomalies and 850 hPa wind fields following Lin (2012) . The life cycle of an ISO event is defined in a phase space using the combined first two EOFs by plotting PC2 against PC1. The PC1-PC2 plane is divided into eight portions representing the eight phases. Daily fields falling into each portion are used for the phase ) for phase 1, 3, 5 and 7 from observations (left, ERAInterim and TRMM) and BCC_AGCM2.2 model simulations (right) composite if the amplitudes (PC1 2 + PC2 2 ) exceed 1 (the strong ISO area that lies outside the one unit circle on the phase-space diagram, see Fig. 7 in Lin 2012). It is found that BCC_AGCM2.2 overestimates the number of days for phase 4 and 8, while underestimates them for other phases ( Table 1) . Phase 1, 3, 5 and 7 from observations are shown in the left column in Fig. 6 to compare with model simulations on the right. The entire evolution of the observed ISO cycle shows a pattern with a well-organized anomalous cyclone (anticyclone) in conjunction with the peak enhanced (suppressed) convection alternately dominating the South China Sea and WNP, forming a seesaw circulation-convection pattern between the EA and WNP region. Such a flow structure, consistent with that reported by Mao et al. (2010) and Lin (2012) , is similar to the analytical solution for a symmetric heating source about the equator (Gill 1980) , indicating a Rossby wave-like behavior of the coupled circulation-convection system. Note that the northward propagation of the BSISO is accompanied with eastward movement of the northwest-southeast tilted convection front across the Maritime Continent. This indicates that the EA-WNP BSISO partly originates in the Indian Ocean, which is consistent with many previous studies (Wang and Xie 1997; Jiang and Li 2005) .
Horizontal and vertical structures
The BCC_AGCM2.2 captures most of the observed features of 850-hPa wind and convective anomalies for the composited BSISO cycle, especially for the alternating development of the cyclone and anticyclone anomaly anchored over the South China Sea and Philippine Sea. However, there exist systematic discrepancies in the location and magnitude of the anomaly centers. For example, the anomalous cyclone and anticyclone for all the phases is stronger and extends more westward, followed by a stronger amplitude and broader range in the simulated precipitation anomalies than that in the observation (Fig. 6b,  d, f, h) . Moreover, the model cannot simulate the eastward propagating convection across the Maritime Continent, and the modeled pattern shows a southwest to northeast tilt of the precipitation and circulation anomaly. These biases may be associated with a strong and westward extension of WNPSH simulated in BCC_AGCM2.2, which will be detailed explored later. Figure 7 compares the vertical dynamic and thermodynamic structures following Jiang et al. (2011) and Abhik et al. (2013) . This includes anomalous vorticity, specific humidity, equivalent potential temperature, cloud liquid water, vertical velocity and diabatic heating with observations on top and model simulations at the bottom. The meridional-vertical structure is composited with respect to the maximum convection center (MCC) at various latitudes within 10-30°N during phase 6-8, when the ISO-related rain bands propagate northward from the WNP to the EA region. The positive (negative) numbers in the abscissa correspond to the distance in degrees to the north (south) direction with respect to the MCC.
It is clear that the BCC_AGCM2.2 model captures the gross features of vertical structures of northward propagating BSISOs. The vertical distribution of vorticity shows (Fig. 7a, f) an equivalent barotropic structure and the centers of positive vorticity lay about 1-2°N of MCC. Maximum specific humidity occurs in the lower troposphere to the north of the MCC (Fig. 7b, g ), contributing to the enhancement of the convective instability by higher equivalent potential temperature (Fig. 7c, h ). The abundance of moisture to the north of the MCC leads to the formation of cloud liquid water (Fig. 7d, i) , which tilts southward with height and eventually manifests in the vertical heating profile with maximum presented in the middle troposphere (Fig. 7e, j) . The asymmetric structure relative to the MCC is found to be a key feature for the northward propagation of the BSISO (Jiang et al. 2004) . Note that the modeled maxima of specific humidity, equivalent potential temperature and cloud liquid water to the north of MCC are stronger but positioned lower than observations. This implies that deep convection can start from the boundary layer with enhanced vertical moisture transport (Fig. 7d, i) , resulting in unrealistic strong heating (Fig. 7e, j) , which further strength the northward displacement of the ISO convection by enhancing the instability and low level moisture convergence as shown in the next Section.
Northward propagation
Another important characteristic of the BSISO is the northward propagation. Figure 8 shows the lag-correlation coefficients between area-averaged precipitation over the South China Sea and Philippine Sea (10°-20°N, 110°-135°E) , where the BSISO has a maximum variance (Fig. 4a, b) , and 120°-135°E zonal mean precipitation (color shaded) and U850 (contours). Figure 8b (model) compares favorably with Fig. 8a (observations) in overall northward propagation features, but there are regional differences in magnitude and phase speed. The modeled BSISO signals also propagate further north than observations suggest. Given the importance of moist processes in BSISO propagation, the moisture-convection feedback mechanism of Jiang et al. (2004) is further examined in model simulations, which explains how meridional asymmetry of moisture distribution leads to the northward shift of convection. It is hypothesized that boundary layer moisture advection is, at least partially, responsible for the asymmetry of the specific humidity with respect to the MCC:
where v is the meridional flow, q is the moisture field; omega represents the vertical motion induced by the BSISO convection in boundary layer, and Q 2 L denotes the moisture source or sink (primarily determined by surface evaporation and atmospheric condensation). The overbar, "-", represents the seasonal mean and the prime, "′", denotes the boreal summer intra-seasonal perturbation. Correlation coefficients similar to Fig. 8 for the above six terms averaged in the lower troposphere (1000-700 hPa) are shown in Fig. 9 , where the left are observations and the right are model simulations. It is clear from both observations and model simulations (see Fig. 9a, b) that positive q ′ tendencies in (color shaded) lead precipitation anomalies (contours) and convection (Fig. 9g, h ). To the first order, the meridional asymmetry of the q ′ tendency is determined by the meridional advection terms (Fig. 9c-f) , which show large positive contributions to the north of MCC. The omega ∂q ′ ∂p term has a positive contribution (Fig. 9i, j) , while omega ′ ∂q ∂p term plays a negative contribution (Fig. 9g, h ). The
is approximately out of phase with the precipitation anomalies, thus also play an important role in causing the boundary layer moisture asymmetry (Fig. 9k, l) . It is found that modeled q ′ tendency signal is stronger and propagates further north (reaches 30°N) than observations show (~20°N), which is consistent with the northward shift of modeled convection signals. This bias is seemed to be resulted from the unrealistically strong northward-propagating signal of v ′ ∂q ∂y , omega ∂q ′ ∂p , and especially the Q 2 L ′ term in the model (Fig. 9d, j, l) . The bias of Q 2 L ′ signal indicates that the region to the north of MCC in the model is a stronger apparent moisture source with evaporation exceeding precipitation, which is probably due to the strong and northward shift of simulated WNP subtropical high (see Sect. 3.6).
(2)
Intra-seasonal variability of the Western North Pacific Subtropical High
It is well known that the seasonal and sub-seasonal migration of the rain-band over EA-WNP is strongly influenced by the WNPSH through the modulation of moisture transport (Ding and Chan 2005; Mao et al. 2010; Ren et al. 2013) . We have seen in Sect. 3.4 that the northward propagating BSISOs manifest by the alternation between cyclonic and anticyclonic circulation anomalies accompanied by enhanced (suppressed) convection over WNP region. This is, in fact, a reflection of the intra-seasonal variability of the WNPSH. Figure 10 contrasts the composite unfiltered (contour) and filtered (shaded) 500 hPa geopotential height for phase 1 and 5, the wettest and the driest two phases of the ISO for the WNP rainfall, between observations (left) and model simulations (right). The observed ISOs are characterized by a north-south dipole structure in anomalous geopotential height, corresponding to the westward extension and eastward retreat of the WNPSH (Fig. 10a, c) . The model qualitatively mimics the observed variability of the WNPSH, but the ridge is positioned far too north and the westward extension enters much further over land (Fig. 10b, d ). The positional bias allows the BSISO anomalies to propagate further north compared to observations. Next we carry out further analysis to understand the bias in simulated WNPSH. It is believed that diabatic heating associated with the Asian summer monsoon rainfall affects the summer subtropical circulation over the North Pacific (Rodwell and Hoskins 2001; Zhou et al. 2009 ). Figure 11 shows the model bias in vertical integrated diabatic heating (shaded) from the surface to 200 and 850 hPa non-divergent flow (vector) for phase 1 and 5. A common feature seen in both phases is the positive heating bias over the WNP region in connection with seasonal mean precipitation errors shown in Fig. 2b and cloud liquid water biases shown in Fig. 7h . Associated with the wet anomalies induced positive heating biases is a strong cyclonic on the northwest flank of the heating with strong westerly anomaly concentrated between the 0-15°N over the tropical western Pacific Ocean. Strong easterly anomaly can be found on the east side of the heating. Such a flow pattern is similar to the analytical solution for a combination of antisymmetric and symmetric heating source (Gill 1980) . It seems reasonable to suggest that it is the wet bias associated with diabatic heating that drives the northwestward extension of WNPSH allowing further northward propagation of the BSISOs. Moreover, similar to the classical Gill solution (Gill 1980) , the circulation anomalies in upper troposphere responds to diabatic heating bias shown in Fig. 11 are opposite to those in the lower troposphere (figure omitted). These biases of circulation in both the low and upper troposphere imply a stronger vertical shear in zonal winds as shown in Fig. 1b , which also favors the northward shift of the ISO related rain belt (Wang and Xie 1997; Jiang and Li 2005) . 
Summary and discussion
Climate models play an increasingly more important role in projecting future climate change as well as near term climate predictions. Faithful simulation of observed climate variability in addition to mean climate states will undoubtedly increase our confidence in modern climate models. The Beijing Climate Centre models have participated in the past two IPCC climate change assessment reports and will be contributing to the upcoming CMIP6. Intra-seasonal variability of the East Asia summer monsoon is of critical importance to regional climate as it is closely associated with seasonal drought, floods and water resources. This paper provides a systematic evaluation of the boreal summer intra-seasonal oscillation simulated by the latest version of the BCC climate model BCC_AGCM2.2 using an ensemble of 10 year atmospheric model simulations forced by observed sea surface temperatures. The evaluation includes mean states, power spectrum, CEOF analysis, phase relationship, composite analysis of horizontal and vertical structures as well as the intra-seasonal variability of the WNPSH and its role in model bias of the simulated BSISOs.
Overall, the BCC_AGCM2.2 model can reasonably simulates the seasonal mean-state of the atmosphere during the EA-WNP monsoon. However, some notable discrepancies are found in the simulated summer mean rainfall and its annual cycle. The model overestimates the seasonal mean precipitation over the WNP region, but underestimates the precipitation over the EA region, as well as the modeled onset of the South China Sea monsoon rainfall is earlier about 1 month than the observation. The model spatio-temporal features of the BSISO are examined in terms of power spectra, propagation features, leading EOF modes, horizontal and vertical structures. While the simulated power spectrum and variance as well as the spatial patterns of the leading EOF modes are close to the observations, the BSISO magnitude is overestimated over the WNP but underestimated over the EASM region as a result of mean precipitation errors. The large-scale convective organization is well captured but the tilted rain-band structure is not consistent with the observation. The model is also capable of correctly simulating the observed phase relationship between convection and cloud hydrometeors and the dynamics and thermodynamics of northward propagation. However, the model tends to generate unrealistic strong diabatic heating and convective instability towards the lower troposphere, which indicates the occurrence of stronger ISO activities from shallow convections.
One particular inconsistency between the modeled and observed BSISOs is that in the model BSISO signals propagate about 5° further north than observation shows. This links up with unrealistic moisture-convection feedbacks in the model resulting from erroneous moisture transport in boundary layer driven by a biased northwestward extension of the WNPSH. Further analysis reveals that it is the unrealistically strong convective heating over the WNP region associated with mean precipitation errors forces a Gilltype response that pushes the WNPSH northwestward. The mean precipitation errors may be linked with the cumulus and cloud parameterization in the model. This illustrates the importance of background state of WNP summer convective on the northward propagating BSISOs over the EA-WNP region.
It needs to be noted that we only address the possible role of wet precipitation bias over the WNP region affects the BSISOs through the modulation of summertime WNPSH and not vice versa. The results indicate that diabatic heating plays a reinforcing role in the westward and intensified WNPSH, which are consistent with some previous studies (Zhou et al. 2009; Matsumura et al. 2015) . However, some studies have found the WNPSH bias is also related to other bias in BCC_AGCM2.2, such as the wet bias over the Indian summer monsoon region, weak walker circulation, and lower air temperature over the Tibetan Plateau Kan et al. 2015) . These biases may in turn influence the monsoon precipitation and associated BSISO and need to be verified by numerical experiments.
Another noteworthy bias is the lack of the associated eastward propagation of the northwest-southeast tilted convection front across the Maritime Continent (Fig. 6 ). While this indicates that the model can capture the northward propagating BSISO independent of the east propagating MJO, further evaluation of model in simulating the MJO and BSISO of Indian summer monsoon is needed and will be reported in the near future.
In this study, the results based on atmosphere only simulations provide some confidence on the model's capability of capturing the gross features of the observed BSISOs over the EA-WNP region. While coupling to ocean model can result in SST biases that compromise the mean state and the associated BSISO simulation, inclusion of air-sea coupling could lead to significant differences in terms of the large-scale organization, amplitude and propagation (Fu and Wang 2004; Chou and Hsueh 2010; Fang et al. 2013) . One main issue we have highlighted in this paper is the sensitivity of convection parameterizations. It is, therefore, desirable to compare such evaluations in different models to investigate the sensitivity of model resolution, convective parameterization and air-sea interaction.
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